PB1-F2 is a viral protein encoded by influenza A viruses (IAVs). PB1-F2 is implicated in virulence by triggering immune cell apoptosis and enhancing inflammation. To obtain an insight into the molecular mechanisms of PB1-F2-mediated virulence, we used the yeast two-hybrid approach to find new PB1-F2 cellular interactors. This allowed us to identify calcium-binding and coiled-coil domain 2 (CALCOCO2, also known as NDP52) as a binding partner of PB1-F2. Binding of PB1-F2 to CALCOCO2 was confirmed by pull-down. Surface plasmon resonance binding experiments enabled us to estimate the dissociation constant (K d ) of the two partners to be around 20 nM. Using bioinformatics tools, we designed a CALCOCO2 interaction map based on previous knowledge and showed a strong connection between this protein and the type I interferon production pathways and the I-kB kinase/NF-kB signalling pathway. NF-kB reporter assays in which CALCOCO2, MAVS and PB1-F2 were co-expressed showed a cooperation of these three proteins to increase the inflammatory response. By contrast, PB1-F2 inhibits the TBK1-dependent activation of an ISRE reporter plasmid. We also demonstrated that the signal transducer TRAF6 is implicated in the enhancement of NF-kB activity mediated by PB1-F2/CALCOCO2 binding. Altogether, this report provides evidence of an interaction link between PB1-F2 and human proteins, and allows a better understanding of the involvement of PB1-F2 in the pathologic process mediated by IAV.
INTRODUCTION
Influenza A viruses (IAVs) are members of the family Orthomyxoviridae. They cause yearly epidemics and epizootics, and occasionally larger pandemics and panzoonotics. In humans, IAVs infect the respiratory tract and can induce acute pulmonary inflammation leading to vascular permeability, necrosis of epithelial cells and lung dysfunction [1] . These clinical symptoms are linked to perturbations in the host response. IAVs are indeed able to modulate the response to infection using accessory proteins like NS1 [2] , PB1-F2 [3] or the newly described PA-X [4] .
IAV PB1-F2 is a small accessory protein that was initially described as an apoptosis inducer [5] . More recent studies described PB1-F2 as a virulence factor contributing to pathogenesis in mice [6] and also as a co-factor of the viral polymerase complex [7] . In addition, PB1-F2 contributes to the negative outcome of secondary bacterial pneumonia by promoting immunopathogenesis which can lead to the death of the host [8, 9] . PB1-F2 is implicated in inflammation of the lungs by enhancing the host pro-inflammatory response induced by IAV infection [9, 10] . In mice, the inflammatory response mediated by PB1-F2 expression leads to a massive recruitment of neutrophils within the airways [11] . Lung responses of mice infected by a wild-type (WT) H1N1 IAV or a PB1-F2-deleted virus have been compared using microarrays and the main functional consequences associated with PB1-F2 expression were linked to cell death and inflammatory response [11] . Additionally, the instillation of peptides derived from the C-terminal sequence of PB1-F2 into the lungs of mice results in a marked inflammatory response [12] , implying that during infections PB1-F2 may be involved in triggering inflammatory damage. In human epithelial cells, PB1-F2 also contributes to inflammation through an exacerbation of NF-kB activity [13] . Importantly, the ability of PB1-F2 to activate NF-kB is sequence-specific. A molecular signature associated with inflammation and bacterial superinfection has been established for H3N2 strains [14] . Several reports indicate that PB1-F2 proteins derived from various viral strains exhibit differential localizations and distinct functions [15, 16] . Moreover PB1-F2 function appears to be cell-typedependent: apoptosis induction is restricted to immune cells [5] and the capacity to promote inflammation appears to be more efficient in epithelial cells [13] .
There is ample evidence that PB1-F2 interacts with the host immune system to contribute to the pathogenesis of IAVs [12, 13, [17] [18] [19] [20] . PB1-F2 has been shown to induce cell death through interaction with two mitochondrial proteins: VDAC1 and ANT3 [21] . More recently, Varga et al. demonstrated that PB1-F2 interacts with the mitochondrial antiviral signalling protein (MAVS) to inhibit IFN pathway induction [20, 22] . These results are contradictory to ours: we previously showed that PB1-F2 potentiates MAVS in its ability to induce IFN-b [13] . PB1-F2 contribution to virulence is therefore controversial; however, the multitude of strains used in these studies and the sequence diversity of PB1-F2 could explain such a range of interpretation. For instance, a particular polymorphism in position 66 of PB1-F2: N66S, correlates with an increased pathogenicity in infected mice due to IFN antagonist activities [10, 17, 19, 20] . Finally, PB1-F2 was shown to increase inflammatory cytokine release through an activation of the NLRP3 inflammasome [23] .
The present study sought to analyse the interplay between PB1-F2 and host proteins. In an attempt to clarify the discordant data obtained recently regarding the PB1-F2 interaction network, we used the yeast two-hybrid approach(Y2H) to identify new PB1-F2 interactors. We were able to establish calcium-binding and coiled-coil domain 2 (CALCOCO2, also known as NDP52) as a new cellular partner of PB1-F2. The interaction between CALCOCO2 and PB1-F2 results in a viral modulation of the MAVS and TBK1 activities. These data help to explain how PB1-F2 interacts and interferes with the defence processes developed by the infected cell.
RESULTS

Identification of novel PB1-F2-interacting host proteins
To understand how PB1-F2 can mediate the pathological process, the Y2H was used to identify new host factors interacting with PB1-F2. A full-length PB1-F2 gene from WSN IAV was cloned into a Y2H DNA-binding domain plasmid and screened against human foetal brain and spleen cDNA libraries. The results of this screening and hit validation are presented in Table 1 . Four cellular partners were identified as interacting with PB1-F2: centrosomal protein 350 kDa (CEP350), CALCOCO2, proteasome 26S subunit ATPase 3 (PSMC3, also known as TBP1) and fibronectin 1 (FN1). Among these, CEP350 and FN1 presented only one positive hit and were excluded from the study. CAL-COCO2/NDP52 presented five hits (six colonies harbouring five different cDNAs) and PSMC3 presented four hits (four colonies harbouring four different cDNAs), and so were considered to be potential interactors with the PB1-F2 protein. It is of note that we did not identify interactions between PB1-F2 and its previously described interactors (MAVS, ANT3, VDAC1, IKK or NLRX1) [21, 22, 24, 25] . This could be explained by the different methods used in the multiple studies, but also by the sequence variability of PB1-F2. For example, PB1-F2 from the two H1N1 viruses WSN/33 and PR8/34 shares only 89 % identity and the PR8/ 34 protein is three amino acids (aa) shorter. In addition, the known PB1-F2 interactors are membrane proteins (except IKK), and such types of protein-protein interactions can be missed in Y2H due to intrinsic limitations.
PB1-F2 binds to CALCOCO2
Given the important role played by CALCOCO2 in innate immunity [26] , we focused our work on the PB1-F2/CAL-COCO2 interaction. To confirm the Y2H interaction, the human gene encoding CALCOCO2 was cloned and cotransfected together with a construct encoding the TAPtagged PB1-F2 in 293T cells. Co-immunoprecipitation was performed using IgG-sepharose beads (which bind to TAPtag) and the resulting immunoprecipitated proteins were revealed by immunoblotting with anti-V5 mAb. As shown in Fig. 1(a) , CALCOCO2 coprecipitated with PB1-F2, indicating a physical interaction between the two proteins. In addition, the immunoblotting of PB1-F2-TAP tag revealed a more pronounced staining when CALCOCO2 was overexpressed, suggesting an increased stability of PB1-F2 when complexed to CALCOCO2.
To better characterize this interaction between PB1-F2 and CALCOCO2, we developed a surface plasmon resonance (SPR) assay based on a sensor chip carrying immobilized CALCOCO2. Monomeric PB1-F2 was injected over a sensor chip at various concentrations to allow kinetic parameter determination. The sensorgrams presented in Fig. 1 (b) indicate that the SPR signal increased linearly with the rise of the PB1-F2 concentration from 10 to 40 nM and showed saturation for PB1-F2 concentrations higher than 40 nM. Using the Langmuir 'one-site specific binding with Hill slope' binding model, the dissociation constant K d was found to be 20.3±0.9 nM (Fig. 1c ). In contrast, when a Cterminally-truncated form of PB1-F2 (N-terminal 53 aa) was injected over the sensor surface with immobilized CAL-COCO2, no significant signal modification was detected, as shown in Fig. 1(d) . This indicates the binding specificity of full-length PB1-F2 to CALCOCO2 and enables us to map the region of PB1-F2 involved in the interaction. As the Nterminal domain of PB1-F2 was not able to increase the SPR signal, it appeared that PB1-F2/CALCOCO2 binding was mediated by the C-terminal part of PB1-F2. Interestingly, the C-terminus of PB1-F2 includes the putative MTS [27] and the immunogenic peptide [5] . Alternatively, the PB1-F2/CALCOCO2 binding could also be dependent on a PB1-F2 tertiary structure in which the C-terminal part is essential.
To further verify whether PB1-F2 was able to interact with CALCOCO2 in the cellular context, we conducted immunostaining and fluorescent confocal microscopy on 293T cells transfected with different combinations of the expression plasmids coding for full-length PB1-F2, the Cterminally truncated version of PB1-F2 (N-ter 53aa) and CALCOCO2-V5 ( Fig. 1e ). Control cells were transfected with the three expression plasmids separately and subjected to the same immunodetection protocol used for colocalization. No cross-reactivity was observed, confirming the high specificity of the antibody against PB1-F2, its N-ter mutant and CALCOCO2-V5. A strong diffuse staining was observed in the cytoplasm of CALCOCO2-V5-expressing cells. In contrast, a punctiform signal was observed in the cytoplasm of PB1-F2-transfected cells. In full-length PB1-F2-transfected cells, intense fluorescent spots were observed in the perinuclear area and in the plasma membrane vicinity. The co-transfection of full-length PB1-F2 and CAL-COCO2-V5 resulted in strong colocalization staining (yellow staining, top-right column) in the cytoplasm of double-transfected cells. In contrast, the co-transfection of the N-ter mutant of PB1-F2 and CALCOCO2-V5 only gave rise to a partial colocalization signal and showed a different fluorescent pattern, as exemplified in the higher magnification inset presented in the overlaid images. While the fluorescent patterns of PB1-F2 and CALCOCO2-V5 showed a homogeneous colocalization signal, the N-ter-PB1-F2 signal only partially merged with the CALCOCO2-V5 signal. This result is in agreement with the aforementioned co-immunoprecipitation and SPR experiments. Altogether, these findings provide strong evidence that PB1-F2 and CALCOCO2 are able to interact in the cellular context, and they allow us to map the interaction domain with CALCOCO2 in the Cterminal part of PB1-F2.
CALCOCO2 network modelling
In order to obtain an insight into the molecular network and the cellular functions associated with CALCOCO2, we used the online resource STRING http://string-db.org/ [28] . This software allowed us to draw a CALCOCO2-associated molecular network based on prior knowledge ( Fig. 2a ). We then analysed the biological processes linked to this molecular network using the functional enrichment tool provided by STRING. (Fig. 2b) shows the five most relevant ontologic terms associated with the network. Remarkably, two signalling pathways connected with the previously described functions of PB1-F2 are represented in these ontological terms: negative regulation of type I IFN production (GO: 0032480) and positive regulation of I-kappaB kinase/NF-kappaB signalling (GO: 0043123). Consequently, this suggests that the PB1-F2/CALCOCO2 interaction could influence the IFN production and inflammatory state of the infected cell.
PB1/F2-CALCOCO2 interaction potentiates MAVS induction of NF-kB activity
Several studies have described the close relationship between PB1-F2 and MAVS [13, 20, 22] , and interestingly, we identified MAVS within the CALCOCO2-enriched interactome ( Fig. 2a ). To better understand the role of the CALCOCO2/PB1-F2 interaction in this network, we used an NF-kB-luciferase reporter plasmid to quantify the effects of PB1-F2 and CALCOCO2 on MAVS activity. Firstly, 293T cells were transfected independently with plasmids encoding PB1-F2, CALCOCO2 or MAVS protein, together with the NF-kB-luciferase reporter construct. In these conditions, only MAVS was able to induce NF-kB activity ( Fig. 3a ). We next analysed whether combinations of the three proteins were able to modulate the basal activity of MAVS. In the absence of PB1-F2, the overexpression of CALCOCO2 had no effect on MAVS-induced NF-kB activity (column 7). However, the expression of PB1-F2 clearly potentiated the NF-kB activity mediated by MAVS (column 6). This effect increased slightly when PB1-F2 was expressed together with CALCOCO2 (column 8). Importantly, this NF-kB enhancement activity was shared by multiple PB1-F2s isolated from different IAV strains ( Fig. S1 , available in the online Supplementary Material).
PB1-F2 interferes with the TBK1 signalling pathway through CALCOCO2 to reduce IFN-stimulated response element (ISRE) activity
Given the central role of TBK1 in mediating antiviral signalling triggered by MAVS [29] , we further studied the interplay between PB1-F2, CALCOCO2 and TBK1. An IFN-stimulated response element (ISRE)-luciferase reporter construct was used in order to quantify the effect of the different partners on innate immune response. As was the case for NF-kB activation/activity ( Fig. 3a) , the transduction of PB1-F2 or CAL-COCO2 alone had no effect on ISRE activity (Fig. 3b ). In contrast, we observed an inhibitory effect of PB1-F2 expression on ISRE activity mediated by TBK1 overexpression (Fig. 3b, column 6 ) and a potentiation of TBK1-mediated ISRE activity by CALCOCO2 expression (column 7). This potentiation was inhibited when PB1-F2 was expressed (column 8). NF-kB activity exacerbated by PB1-F2 is TRAF6dependent Upon virus infection, MAVS undergoes prion-like polymerization to recruit and activate various signalling molecules, such as TNF receptor-associated factor 6 (TRAF6). TRAF6 then activates canonical NF-kB. Given this important role of TRAF6 in the NF-kB signalling pathway, we next investigated whether TRAF6 was involved in the PB1-F2-dependent potentiation of NF-kB activity. We used a plasmid encoding a dominant-negative form of TRAF6 (TRAF6 DN) to further study the molecular mechanisms used by PB1-F2 to hijack the host antiviral response. When the TRAF6 DN construct was co-transfected along with MAVS, CALCOCO2 and PB1-F2, NF-kB activity was drastically reduced (Fig. 4a) , showing that the PB1-F2 potentiation of NF-kB activity takes place upstream of the MAVS/TRAF6 interaction. By contrast, when using a plasmid encoding a full-length form of TRAF6 (TRAF6 FL) instead of the TRAF6 DN, the NF-kB activity was intensified ( Fig. 4a ).
We next verified the ISRE activity mediated by TBK1 in the context of overexpression of the TRAF6 DN or the TRAF6 FL forms. As shown in Fig. 4(b) , the ISRE activity was not modified when TRAF6 DN was co-expressed together with TBK1, CALCOCO2 and PB1-F2. Similarly to what we observed with the NF-kB reporter plasmid, the use of the TRAF6 FL form resulted in high stimulation of the ISRE reporter plasmid. Although TRAF6 is very well described to activate the canonical NF-kB signalling pathway, it is also known to induce the AP1 transcription factor through MAPK, p38 and JNK kinases [30] . Accordingly, we also verified the AP1 activity under the same conditions and observed a similar pattern to that of the NF-kB activity, but to a lower extent and without statistical significance ( Fig. S2 ).
Collectively, these results suggest that PB1-F2 is able to modulate the host innate response mediated by MAVS by interacting with CALCOCO2. Based on our results, it appears that PB1-F2 from WSN tends to increase the inflammatory response and down-modulate the host ISRE pathway.
Inhibition of endogenous CALCOCO2 reduces the PB1-F2-dependent proinflammatory activity
The above-mentioned findings on NF-kB activation are consistent with the previous reports describing a potent role of PB1-F2 in the inflammatory exacerbation observed during IAV infection [11, 12] . In view of the capacity of CALCOCO2 to detect ubiquitin-coated intracellular pathogens and potentially induce a cell-signalling pathway [31] , we examined the impact of endogenous CALCOCO2 depletion on the expression of host-response mediators during IAV infection. We used RNA interference to specifically silence CALCOCO2 expression; the effective small interfering RNA (siRNA) concentration resulted in CALCOCO2 mRNA depletion of up to 80 % in mock and infected conditions and CALCOCO2 protein depletion of up to 80 % as observed by (qRT-PCR) ( Fig. 5d ) and Western blot ( Fig. 5a ), respectively. We then performed virus titration ( Fig. 5b ) and M1 quantification by qRT-PCR ( Fig. 5c ) in order to check whether the siRNA had an effect on virus replication and found no difference in viral growth between siRNA-and mock-treated cells. We subsequently measured the level of expression of several cytokines in cells infected with WT or DF2 IAV. The impact of CALCOCO2 depletion on IFNb expression was modest ( Fig. 5e ), but revealed a statistically significant difference between control cells and siRNA-treated cells. With regard to IL8, a chemokine whose expression is essentially dependent on NF-kB [32] , a severe decrease in expression was observed as a result of CAL-COCO2 depletion (Fig. 5f ). Similar results were obtained for TNFa and RIG-I expression (data not shown). These results confirm the effect of PB1-F2 on NF-kB activity and clearly demonstrate the implication of CALCOCO2 in the host response associated with PB1-F2.
DISCUSSION
Since its discovery, PB1-F2 has been shown to interfere with host defences [6, 9, 11, 13, 17, 19, 21, 33] . Given the mitochondrial tropism of this virulence factor, a potential interaction with the mitochondrial antiviral signalling protein (MAVS) was hypothesized and validated [13, 20, 22, 34] . However, the effect of PB1-F2 on MAVS is a matter of debate. We found that PB1-F2 exacerbated the expression of IFN through an increase in NF-kB activity [11, 13] , while other groups showed the opposite effect (i.e. an IFN inhibitory effect) [17, 20, 22, 34] . Our results are supported by several studies revealing the pro-inflammatory effects of PB1-F2 [9, 12, 14] , yet the last paper by Varga et al. provided very convincing data on the PB1-F2-mediated mechanism for inhibiting MAVS activity by decreasing the mitochondrial membrane potential [22] . More recently, another study by Yoshizumi et al. described the inhibitory effect of PB1-F2 on innate immunity in the mitochondrial were used to estimate the K D of the interaction between CALCOCO2 and PB1-F2. RU, resonance units. (d) Representative SPR sensorgrams obtained after injection of the N-terminal part of PB1-F2 (first 53 aa of the protein) at concentrations of 10, 20, 30, 40 and 50 nM onto the CALCOCO2 chip. (e) 293T cells were transfected with the plasmids expressing CALCOCO2-V5, full-length PB1-F2 and PB1-F2 N-Ter (53 aa), as described in the Methods section. At 24 h post-transfection, cells were fixed and processed for the detection of PB1-F2 (green, left column) and CALCOCO2 (red, second column) by immunofluorescence and counterstained with DAPI dye to visualize nuclei (blue, third column). The overlaid images (Merge) are presented in the right column. The insets show a magnification of the area delimited by the white square in the perinuclear space of the cytoplasm of the cells. Transfected cells were observed by fluorescence confocal microscopy using a Â63 oil-immersion objective. Control cells that were transfected with single plasmid and mocktransfected cells were processed in parallel.
context [35] . Importantly, pairwise PB1-F2 aa sequence comparisons can display important variations according to the strains, for instance there is an 11 % change between WSN and PR8, the two most studied forms of PB1-F2. Such differences may explain why the different proteins seem to exert opposite effects on the host response. Another important aspect of PB1-F2 to consider is that, depending on the strain of the virus, the PB1-F2 protein is not only localized to the mitochondria but also can be distributed throughout the cell, including the cytoplasm and nucleus [15] . Finally, our results could also explain the controversial data obtained in the multiple studies made on PB1-F2: PB1-F2
inhibits the global IFN-induction pathways (through TBK1), but by increasing NF-kB activation, PB1-F2 enhances IFN-b production due to the presence of an NF-kB binding site in the IFN-b promoter.
The initial aim of our work was to increase our knowledge of the interactions network of PB1-F2. Using Y2H tools, we isolated two PB1-F2 cellular partners out of four potential candidates. CALCOCO2 and PSMC3 were identified as new PB1-F2 cellular interactors. These two proteins are implicated in molecular processes of the host defence: CAL-COCO2 by playing an important role in mediating the macroautophagy of ubiquitin-coated bacteria [31] and PSMC3 through its role in the immunoproteasome (processing of class I MHC peptides, [36] ). Importantly, Ito and collaborators characterized the interactome of the measles virus nonstructural C protein using a Y2H approach [37] . They identified 12 cellular interactors of the measles virus C protein, including PSMC3 and CALCOCO2. This analogy with PB1-F2 cannot be viewed as a coincidence, but corresponds to the need for viruses to interfere with the ubiquitin/proteasome system which drives several pathways implicated in the innate defence of the host. In addition, CALCOCO2 has also been found to interact with NS3 of HCV [38] , and to be targeted by the nsP2 protein of chikungunya virus [39] . Interestingly, this interaction has a proviral effect through the promotion of chikungunya virus replication [40] . Fig. 3 . Impact of PB1-F2/CAOLCOCO2 interaction on the host innate response (a) Exacerbation of NF-kB-promoter activity by coexpression of PB1-F2 with MAVS and CALCOCO2. 293T cells were co-transfected with vectors to transiently express NF-kB-luciferase reporter plasmid in combination with expression plasmids encoding PB1-F2 and/or CALCOCO2 and/or MAVS. A plasmid encoding the pRSV-b-Gal was also co-transfected to control DNA uptake. Luciferase and b-galactosidase activities were measured in cell lysates 24 h post-transfection. Data are expressed as the mean±SEM of relative luciferase units normalized to the b-galactosidase activity of three independent samples. One representative experiment from the three is shown (***P<0.001). (b) TBK1-induced IFN-stimulated response element (ISRE) activity is potentiated by CALCOCO2 but inhibited by PB1-F2. 293T cells were co-transfected with vectors to transiently express ISRE-luciferase reporter plasmid in combination with expression plasmids encoding PB1-F2 and/or CALCOCO2 and/or TBK1. A plasmid encoding the pRSV-b-Gal was also co-transfected to control DNA uptake. Luciferase and b-galactosidase activities were measured in cell lysates 24 h post-transfection. Data are expressed as the mean±SEM of relative luciferase units normalized to the b-galactosidase activity of three independent samples. One representative experiment from the three is shown (***P<0.001).
In a work by Li et al. [41] , the MAVS dynamic network was characterized. In addition to already known MAVS interactors, the authors described the interactions of MAVS with four other proteins: RIP2, STAT1, NEMO and CALCOCO2. The presence of CALCOCO2 in this IFN-linked network prompted us to focus on the study of this protein. Importantly, these interactions were shown to be dependent on a viral infection mimetic (i.e. poly(rI : rC) stimulation). This correlates well with the fact that PB1-F2 transfection exerts no effects on NF-kB without viral infection or poly(rI : rC) stimulation [13] . CALCOCO2 is a cytoplasmic protein [42] that is able to interact with myosin VI at the trans side of the Golgi complex, and on vesicles in the perinuclear region to regulate secretion processes [43] . As well as interacting with MAVS, CALCOCO2 is also able to physically interact with NAP1 and SINTBAD proteins and contribute to the functional assembly of the TBK1 complex [31] . The modelling of the PB1-F2 interactome using STRING software ( Fig. 2a ) allowed us to consider that CALCOCO2 could be the link between PB1-F2 and the host response system. CALCOCO2 was described as playing a major role in macroautophagy by recognizing bacteria to promote their destruction [31] . CALCOCO2 is able to detect ubiquitincoated bacteria and appears to have functions in cytosolic defence and the induction of macroautophagy. Macroautophagy is a major intracellular signalling pathway for the degradation and recycling of proteins and cytoplasmic organelles, but is also an important process for restricting intracellular pathogen replication [44] . Nevertheless, we were not able to demonstrate any differences in the autophagy activities of cells infected with WT or DF2 IAV (data not shown). Regarding our results, it appears that the PB1-F2/CALCOCO2 interaction exacerbates the NF-kB activity of infected cells; this increase is modest, but most probably impacts on hundreds of genes.
The use of siRNA to specifically target endogenous CAL-COCO2 allowed us to confirm the implication of CAL-COCO2 in the mediation of the PB1-F2-specific response (Fig. 5 ). However, differences are still observed between the WT and DF2 viruses when infecting a-CALCOCO2 siRNAtreated cells. This suggests that PB1-F2 also exerts an effect in a CALCOCO2-independent way. This process is probably due to the capacity of PB1-F2 to form soluble oligomers [45] and amyloid aggregates in IAV-infected cells [46] , but it could also be mediated by PSMC3 through the proteasome complexes. We previously showed that PB1-F2 is present in two forms in infected cells: soluble monomers and soluble oligomers/amyloid aggregates [47, 48] . The cellular partners of PB1-F2 are obviously specific to the PB1-F2 conformational state. The two interactors identified in the present study were identified using a PB1-F2, probably mimicking the monomeric form of the protein. In contrast, protein amyloid assemblies have been showed to share similar cytotoxicity regardless of primary protein structure and may activate similar immune responses in cells [49] . In consequence, oligomerized PB1-F2 may additionally enhance host response. A striking feature of the PB1-F2-associated gene network is the central position of ubiquitin and ubiquitin-related proteins ( Fig. 2a) . Indeed, CALCOCO2 is a receptor of ubiquitin-coated bacteria and PSMC3 is involved in the ATPdependent degradation of ubiquitinated proteins. Further, recent advances in the characterization of the MAVS signalling pathway brought to light the ubiquitin dependence of MAVS. MAVS appears to be a critical recruitment platform in the assembly of an antiviral signalling complex. MAVS forms functional prion-like aggregates required for IRF3 activation [50] . Interestingly, MAVS ubiquitination and degradation by the proteasome has been described as a key event involved in virus-induced RIG-I signalling [51] . MAVS was shown to form helical filament structures [52] . This MAVS polymerization is necessary to activate antiviral signalling cascades. Strikingly, PB1-F2 is also able to make fibres within the mitochondria (Chevalier C., unpublished data). The fibrillation of PB1-F2 is spontaneous under hydrophobic conditions and could induce the nucleation and polymerization of MAVS and then contribute to the exacerbation of the host response. Such a hypothesis could therefore explain the effects observed by overexpression of PB1-F2, CALCOCO2 and MAVS.
A major enigma of the PB1-F2/CALCOCO2/MAVS interplay is how the increase of the host inflammatory response can be beneficial to the virus. The strong connection of PB1-F2 with the ubiquitin and proteasome systems could be a part of the response. By deregulating this cellular stress component, IAV could increase its protein production and, as a consequence, increase the magnitude of the host response.
In summary, we report here that IAV interferes with the host response through the interaction of its accessory protein PB1-F2 with CALCOCO2. The PB1-F2/CALCOCO2 interaction increases NF-kB activity through the potentiation of MAVS and inhibits the antiviral response through TBK1 (Fig. 6 ). Proteins encoded by other viruses (measles and chikungunya viruses for example) are known to interact with CALCOCO2; we can thus speculate that CALCOCO2 controls key pathways implicated in antiviral activity. Therefore, the use of pharmacological approaches to target CALCOCO2 may represent a therapeutic strategy for treating IAV and other viral infections.
METHODS
Yeast two-hybrid screen The yeast two-hybrid screen was performed as previously described [53, 54] . The ORF of PB1-F2 from influenza A/ WSN/1933 (H1N1) virus was cloned by recombination into pGBKT7-gw and transformed in AH109 (bait strain; Clontech). Two human cDNA libraries were used: a human spleen cDNA library and a human foetal brain cDNA library (Invitrogen); they were transformed in Y187 (prey strain; Clontech). The bait strain was mated with each library prey strain, and then diploids were plated on selective medium [SD-W-L-H plus 10 mM 3-amino-1,2,4-triazole (3-AT)] [55] . Positive clones were maintained on selective medium for 10 days to eliminate any contaminating AD-cDNA plasmid. AD-cDNAs were amplified by colony PCR and inserts were sequenced and identified by automatic BLAST as previously described [55] .
Cell lines and transfections
The human epithelial cell line 293T was obtained from the American Type Culture Collection (ATCC). Cell lines were propagated and subcultured following ATCC recommendations and were maintained at 37 C in a 5 % CO 2 incubator. 293T cells were transiently transfected in 12-well plates using Fugene HD (Promega). Cells were plated the day before transfection at a density of 2Â10 5 cells per well in 1 ml of and pRSV-bGal (Promega). The expression plasmids used were pcDNA3-PB1-F2-WSN-TAPtag, pcDNA6-PB1-F2-WSN, pCi-PB1-F2-WSN, pCi-PB1-F2-53Stop-WSN, pcDNA6-CALCOCO2-V5, pcDNA3-MAVS [32] , pcDNA-Myc-TRAF6 and pcDNA3-TBK1. Luciferase activity was measured in cell lysates as described previously [56] .
Immunoprecipitation assay and Western blot 293T cells were transiently transfected with pcDNA6-CAL-COCO2-V5 and/or with pcDNA3-TAPtag-PB1-F2. Cells were lysed 24 h post-transfection using buffer containing 50 mM Hepes pH8, 100 mM KCl, 2 mM EDTA, 2 mM DTT, 10 % (v/v) glycerol, 0.1 % (v/v) NP-40, and anti-proteases (Roche). Aggregates were eliminated by centrifugation (20 min, 12 000 g, 4 C) and supernatants were incubated for 2 h with sepharose-IgG beads (GE Healthcare) under agitation at 4 C. The beads were then extensively washed, boiled in 8 M urea buffer and analysed by Western blot. Western blots were performed as described [13] . Primary antibodies anti-V5 (Invitrogen, reference number: 46-0708), anti-TAP tag (Santa Cruz Biotechnology, reference number: sc-33000), anti-CALCOCO2 (OriGene Technologies, reference number: CF501971), anti-NS1 (Santa Cruz Biotechnology, reference number: sc-17596) and anti-a-tubulin (Sigma-Aldrich, reference number: T9026) were used in this study.
Surface plasmon resonance (SPR)
Real-time binding kinetics experiments were conducted on a BIAcore 3000 instrument (GE Life Sciences) using CM5 sensor chips. Glutathione-S-transferase (GST)-CALCOCO2 fusion protein was captured via its GST-tag in a flow cell of a CM5 sensor chip carrying a goat anti-GST antibody. For this purpose, the chip surface was activated for 7 min with a mixture of 0.05 M N-hydroxysuccinimide and 0.2 M Nethyl-N-(dimethylaminopropyl)carbodiimide at 5 µl min À1 . Anti-GST was covalently linked to the surface using aminecoupling chemistry. The surface was then blocked with 1 M ethanolamine (pH 8.5) injected for 7 min at 5 µl min À1 . Before measurement, a control experiment was performed using GST peptide. Three successive injections of GST peptide (1 µM) gave the same binding level of 383±5 resonance units (RU). Regeneration of the sensor surface between two injections of the analyte was achieved by a 2 min injection of glycine buffer (pH 2.2). GST-CALCOCO2 (5 µg ml À1 in 10 mM sodium acetate, pH 5) was captured by the bound antibody to a density of approximately 700 RU. The running buffer was 10 mM sodium-acetate buffer (pH 5), 0.005 % Tween p20. For binding kinetics, a series of increasing concentrations of recombinant PB1-F2 (10-500 nM) were injected sequentially over surface-bound GST-CAL-COCO2 at a flow rate of 30 µl min À1 for 2 min. The sensorgram obtained from a cell with immobilized GST-CALCOCO2 was corrected by subtracting the reference one obtained from a flowcell carrying only the anti-GST antibody. All measurements were performed at 20 C. Sensorgrams were analysed using BIAevaluation software.
Immunohistochemistry and confocal microscopy 293T cells were transiently transfected with pcDNA6-CAL-COCO2-V5 and/or pCI-PB1-F2 WSN full-length or pCI-PB1-F2 N-ter (53 aa) as described above in the cell lines and transfections paragraph. Control cells were transfected with each plasmid separately and mock-transfected cells were transfected with pcDNA6 recipient plasmids and pCI expression vectors. Transfected cells were fixed at 24 h posttransfection and processed for fluorescent confocal microscopy as described previously [57] . Briefly, cells were fixed in PBS with 4 % paraformaldehyde, permeabilized with PBS containing 0.1 % Triton X100 and finally incubated in PBS containing 0.1 M glycine in order to quench aldehyde residues. Then, cells were blocked with PBS containing 3 % bovine serum albumin and 0.05 % Tween 20 and incubated with the primary antibodies of interest for 1 h at room temperature: polyclonal anti-PB1-F2 antibody at a dilution of 1 : 500 and monoclonal anti-V5 antibody (Invitrogen) at a dilution of 1 : 2000 in PBS with 3 % BSA and 0.05 % Tween 20. Transfected cells were washed twice with PBS and finally incubated with Alexa Fluor 488-or 594-conjugated antimouse antibody (Invitrogen) for PB1-F2 and CALCOCO2 observation, respectively. Imaging was performed with an inverted Zeiss LSM 700 confocal microscope (MIMA2 platform; INRA) with a Â63/1.40 oil M27 objective (Plan-Apochromat, NA. 1.4). The images were acquired using a frame size of 1024Â1024 and a pixel depth of 8 bits, with sequential multitrack scanning using the 405, 488 and 550 nm wavelengths of the lasers. The images were acquired and processed using ZEN lite software (Zeiss).
PB1-F2-interaction network modelling
To build the network, we used the STRING database (http:// string-db.org; [58] ) to identify the previously described Fig. 6 . Schematic model of the modulation of the host response by PB1-F2. Upon viral RNA binding, RIG-I triggers prion-like MAVS aggregation on mitochondria. MAVS aggregates and then recruits TRAF3 and TRAF6 to initiate signalling pathways that will ultimately elicit antiviral and inflammatory responses, respectively. By binding to CALCOCO2, PB1-F2 is able to modulate these two signalling pathways: potentiation of the inflammatory response in a TRAF6-dependent way and inhibition of the antiviral response through interference with TBK1 function.
interactors of CALCOCO2. We selected the physical interactions displaying a high level of confidence, only including experimentally proven protein-protein interactions. Functional enrichments of the network was also provided by STRING software using gene ontology terms. In the interaction network, a node represents a protein and an edge represents an interaction between two nodes.
Transient siRNA inhibition of CALCOCO2
The day before transfection, 4Â10 4 293T cells were plated in 48-well plates. Cells were transfected with 50 nM predesigned siRNA for CALCOCO2 (s19994; Ambion) or nonrelevant siRNA using the Lullaby transfection reagent (OZ Biosciences) according to the manufacturer's protocol. Cells were then infected 24 h after siRNA transfection.
Viruses
The influenza A/WSN/1933 (H1N1) virus and its mutant that was unable to express the PB1-F2 protein (DF2) were produced using reverse genetics as previously described [13, 47] .
Quantitative RT-PCR Total RNA was extracted using an RNeasy kit (Qiagen). Reverse transcription and quantitative PCR were performed as described previously [11, 13] using specific detection primer pairs for human b-actin (sense: 5¢-AGA AAA TCT GGC ACC ACA CC-3¢; antisense: 5¢-CTC CTT AAT GTC ACG CAC GA-3¢), CALCOCO2 (sense: 5¢ACT CTG CCC TGT TGC TGT CGC-5¢; antisense: 5¢CCA GCA AGA CAG CTG ATG TGG G-3¢), IFN-b (sense: 5¢-CAG CAG TTC CAG AAG GAG GA-3¢; antisense: 5¢-AGC CAG GAG GTT CTC AAC AA-3¢), IL8 (sense: 5¢-TGA TTT CTG CAG CTC TGT GTG-3¢; antisense: 5¢-GAT AAA TTT GGG GTG GAA AGG-3¢) and IAV M1 (sense: 5¢-AAG ACC AAT CCT GTC ACC TCT GA-3¢; antisense: 5¢-CAA AGC GTC TAC GCT GCA GTC C-3¢).
Statistical analysis
Statistical analyses were performed using Student's t-test for pairwise comparisons and ANOVA for multiple comparisons. 
